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A b s t r a c t  
The d e v e l o p m e n t  o f  new commerc ia l  and m i l i t a r y  
a i r c r a f t  depends,  t o  a l a r g e  e x t e n t ,  o n  e n g i n e  
m a n u f a c t u r e r s  b e i n g  a b l e  t o  a c h i e v e  s i g n i f i c a n t  
i n c r e a s e s  i n  p r o p u l s i o n  c a p a b i l i t y  t h r o u g h  improved 
component  a e r o d y n a m i c s ,  m a t e r i a l s ,  and s t r u c t u r e s .  
The r e c e n t  h i s t o r y  o f  p r o o u l s i o n  has been marked by 
e f f o r t s  t o  d e v e l o p  c o m p u t a t i o n a l  t e c h n i q u e s  t h a t  
can  speed up t h e  p r o p u l s i o n  d e s i g n  p r o c e s s  and p r o -  
duce s u p e r i o r  d e s i g n s .  The a v a i l a b i l i t y  o f  power -  
f u l  s u p e r c o m p u t e r s ,  such as t h e  NASA N u m e r i c a l  
Ae rodynamic  S i m u l a t o r ,  and t h e  p o t e n t i a l  f o r  even 
h i g h e r  p e r f o r m a n c e  c f f e r e d  by new p a r a l l e l  colmputer 
a r c h i t e c t u r e s ,  have opened t h e  d o o r  t o  t h e  use o f  
m u l t i d i m e n s i o n a l  s i m u l a t i o n s  t o  s t u d y  complex phys-  
i c a l  phencmena i n  p r o p u l s i o n  systems t h a t  have p r e -  
v i o u s l y  d e f i e d  a n a l y s i s  or e x p e r i m e n t a l  o b s e r v a t i o n .  
T h i s - p a p e r  p r o v i d e s  an o v e r v i e r  o f  s e v e r a l  NASA 
L e w i s  Research  C e n t e r  e f f o r t s  t h a t  a r e  c o n t r i b u t i n g  
t o w a r d  t h e  l o n g - r a n g e  g o a l  o f  a " n u m e r i c a l  t e s t -  
c e l l "  f o r  t h e  i n t e g r a t e d ,  m u l t i d i s c i p l i n a r y  d e s i g n ,  
a n a l y s i s ,  and o p t i m i z a t i o n  o f  p r o p u l s i o n  s y s t e m s .  
S p e c i f i c  examp les  i n  i n t e r n a l  c o m p u t a t i o n a l  f l u i d  
m e c h a n i c s ,  c o m p u t a t i o n a l  s t r u c t u r a l  m e c h a n i c s ,  com- 
p u t a t i o n a l  m a t e r i a l s  s c i e n c e ,  and h i g h  p e r f o r m a n c e  
c o m p u t i n g  a r e  c i t e d  and d e s c r i b e d  i n  t e r m s  o f  c u r -  
r e n t  c a p a b i l i t i e s ,  t e c h n i c a l  c h a l l e n g e s ,  and f u t u r e  
r e s e a r c h  d i r e c t i o n s .  
I n t r o d u c t i o n  
From t h e  i n i t i a l  d e v e l o p m e n t  o f  t h e  a i r p l a n e ,  
The deve lopmen t  o f  new com- 
t h e  p r o p u l s i o n  s y s t e m  has p r o v e n  t o  be a p a c i n g  and 
1 i m i t i n g  t e c h n o 1 o g y . l  
m e r c i a l  and m i l i t a r y  a i r c r a f t  has depended,  t o  a 
l a r g e  e x t e n t ,  on  e n g i n e  m a n u f a c t u r e r s  b e i n g  a b l e  t o  
a c h i e v e  s i g n i f i c a n t  i n c r e a s e s  i n  p r o p u l s i o n  capa-  
b i l i t y  t h r o u g h  i m p r o v e d  component a e r o d y n a m i c s ,  
m a t e r i a l s ,  and s t r u c t u r e s .  For t h e  most p a r t ,  
t h e s e  i n c r e a s e s  have been a c h i e v e d  i n  an e v o l u t i o n -  
a r y  way w i t h  i n c r e m e n t a l  p r o g r e s s  based on  t h e  l a s t  
s u c c e s s f u l  d e s i g n .  O c c a s i o n a l l y ,  such as i n  t h e  
d e v e l o p m e n t  o f  u l t r a - q u i e t ,  h i g h l y  e f f i c i e n t  com- 
m e r c i a l  a i r c r a f t  and h i g h - p e r f o r m a n c e  m i l i t a r y  a i r -  
c r a f t ,  i t  has  been n e c e s s a r y  t o  make more d r a m a t i c  
changes i n  p r o p u l s i o n  t e c h n o l o g y . 2  I n  t h e s e  c a s e s ,  
g o v e r n m e n t  and i n d u s t r y  r e s e a r c h e r s  have worked  
t o g e t h e r  t o  d e v i s e  and d e m o n s t r a t e  new p r o p u l s i o n  
c o n c e p t s ,  such as h i g h  speed t u r b o p r o p s  and con-  
v e r t i b l e  r o t o r c r a f t  e n g i n e s .  Today,  we  f i n d  
o u r s e l v e s  f a c i n g  a who le  new s e t  o f  p r o p u l s i o n  
c h a l l e n g e s  t h a t  w i l l  r e q u i r e  r e v o l u t i o n a r y ,  r a t h e r  
t h a n  e v o l u t i o n a r y ,  advances i n  p r o p u l s i o n  t e c h n o l -  
o g y .  These i n c l u d e  p o w e r p l a n t s  for  s u p e r s o n i c  
c r u i s e  t r a n s p o r t s ,  v e r t i c a l  t a k e o f f  and l a n d i n g  
a i r c r a f t ,  h y p e r s o n i c ,  and t r a n s a t m o s p h e r i c  v e h i c l e s .  
A m a j o r  c o n s i d e r a t i o n  when e m b a r k i n g  on  t h e  
d e v e l o p m e n t  o f  a new p r o p u l s i o n  s y s t e m  has  t o  be 
t h e  enormous t i m e  and c o s t  a s s o c i a t e d  w i t h  t a k i n g  
a new c o n c e p t  t h r o u g h  c e r t i f i c a t i o n .  A s  shown i n  
F i g .  1 ,  t h i s  p r o c e s s  can t a k e  a decade w i t h  c o s t s  
i n  t h e  b i l l i o n s  o f  d o l l a r s .  Much of  t h i s  t i m e  and 
cost can be a t t r i b u t e d  t o  t h e  heavy  dependence on  
ha rdware  t e s t i n g  t o  a c c o m p l i s h  sys tem i n t e g r a t i o n  
and t o  d e m o n s t r a t e  p e r f o r m a n c e  and d u r a b i l i t y .  A 
t y p i c a l  d e v e l o p m e n t  p r o g r a m  m i g h t  r e q u i r e  f o u r  o r  
f i v e  m a j o r  i t e r a t i o n s  i n  t h e  d e s i g n - b u i l d - t e s t  
c y c l e .  
The r e c e n t  h i s t o r y  o f  p r o p u l s i o n  has been 
marked by e f f o r t s  t o  d e v e l o p  c o m p u t a t i o n a l  t e c h -  
n i q u e s  t h a t  can speed up t h e  p r o o u l s i o n  d e s i g n  
p r o c e s s  and p r o d u c e  s u p e r i o r  d e s i g n s .  Advance-  
ments i n  such d i s c i p l i n e s  as c o m p u t a t i o n a l  f l u i d  
dynamics .  c o m p u t a t i o n a l  s t r u c t u r a l  m e c h a n i c s ,  and 
c o m p u t a t i o n a l  m a t e r i a l s  s c i e n c e  have p r o d u c e d  a 
number o f  n o t e w o r t h y  s u c c e s s e s .  One example i s  
t h e  now-s tandard  method o f  d e s i g n i n g  c o n t o u r s  o f  
p r o p e l l e r ,  c o m p r e s s o r .  and t u r b i n e  a i r f o i l s  u s i n g  
c o m p r e s s i b l e  f l o w  and b o u n d a r y  l a y e r  c a l c u l a t i o n s .  
Today, t h e  a v a i l a b i l i t y  o f  p o w e r f u l  s u p e r c o m p u t e r s ,  
such as t h e  NASA N u m e r i c a l  Aerodynamic S i m u l a t o r  
( N A S ) ,  has opened t h e  d o o r  t o  t h e  use  o f  m u l t i -  
d i m e n s i o n a l  s i m u l a t i o n s  t o  s t u d y  complex p h y s i c a l  
phenomena t h a t  have p r e v i o u s l y  d e f i e d  a n a l y s i s  o r  
e x  pe r i menta 1 obs  e r va  t i o n .  3 
S t i l l ,  much needs t o  be done t o  a c h i e v e  "com- 
p u t a t i o n  t o  f l i g h t "  for  p r o p u l s i o n  s y s t e m s .  The 
c o m p l e x i t y  o f  p r o p u l s i o n  systems and t h e  e n v i r o n -  
ments i n  w h i c h  t h e y  o p e r a t e  c o n t i n u e  t o  p r e s e n t  
f o r m i d a b l e  c h a l l e n g e s  t o  t h o s e  who a t t e m p t  t o  b u i l d  
compu te r  mode ls  t h a t  can c r e d i b l y  p r e d i c t  t h e  a e r o -  
dynamic ,  s t r u c t u r a l ,  and m a t e r i a l  b e h a v i o r  o f  t h o s e  
s y s t e m s .  Some o f  t h e  m a j o r  c h a l l e n g e s  a r e :  ( 1 )  
c o m p l i c a t e d  g e o m e t r i e s  and b o u n d a r y  c o n d i t i o n s ,  ( 2 )  
t h r e e - d i m e n s i o n a l ,  t r a n s i e n t  b e h a v i o r ,  ( 3 )  c h e m i c a l  
r e a c t i o n s ,  ( 4 )  h e a t  t r a n s f e r ,  ( 5 )  r o t a t i n g  s y s t e m s ,  
(6) m a t e r i a l  and s t r u c t u r a l  m o d e l i n g  f r o m  t h e  
m o l e c u l a r  l e v e l  t o  t h e  c o n t i n u u m ,  ( 7 )  a e r o - t h e r m a l -  
s t r u c t u r a l  c o u p l i n g ,  (8) i n t e r a c t i o n s  be tween  pro- 
p u l s i o n  componen ts ,  and (9) i n t e r a c t i o n s  be tween  
t h e  p r o p u l s i o n  sys tem and t h e  a i r f r a m e .  
To a c h i e v e  s i g n i f i c a n t  r e d u c t i o n s  i n  t h e  t i m e  
and c o s t  o f  p r o p u l s i o n  s y s t e m  deve lopmen t  w i l l  
r e q u i r e  m a j o r  advances  i n  p r o p u l s i o n  s y s t e m  mode l -  
i n g ,  a l g o r i t h m  d e s i g n ,  and c o m p u t a t i o n a l  t e c h n o l -  
o g y .  E f f o r t s  a r e  underway a t  NASA L e w i s  t o  d e v e l o p  
many o f  t h e s e  k e y ,  e n a b l i n g  t e c h n o l o g i e s .  These 
e f f o r t s  a r e  c h a r a c t e r i z e d  b y  close c o u p l i n g  o f  
a l g o r i t h m  and code d e v e l o p m e n t ,  b y  benchmark e x p e r -  
i m e n t s  t o  s u p p o r t  m o d e l i n g  and code v a l i d a t i o n ,  and 
b y  t h e  a p p l i c a t i o n  of advanced ,  h i g h  pe r fo rmance  
c o m p u t i n g  t e c h n o l o g y  t o  enhance b o t h  a n a l y s e s  and 
e x p e r i m e n t s .  
NASA Lewis  r e s e a r c h  e f f o r t s  t h a t  a r e  c o n t r i b u t i n g  
t o w a r d  t h e  l o n g - r a n g e  g o a l  o f  a " n u m e r i c a l  t e s t -  
c e l l "  f o r  t h e  i n t e g r a t e d ,  m u l t i d i s c i p l i n a r y  d e s i g n ,  
a n a l y s i s ,  and o p t i m i z a t i o n  o f  p r o p u l s i o n  s y s t e m s .  
S p e c i f i c  examp les  i n  i n t e r n a l  c o m p u t a t i o n a l  f l u i d  
mechan ics ,  c o m p u t a t i o n a l  s t r u c t u r a l  m e c h a n i c s ,  com- 
p u t a t i o n a l  m a t e r i a l s  s c i e n c e ,  and h i g h  p e r f o r m a n c e  
T h i s  p a p e r  p r o v i d e s  an  o v e r v i e w  o f  s e v e r a l  
1 
c o m p u t i n g  a r e  c i t e d  and d e s c r i b e d  i n  te rms  o f  c u r -  
r e n t  c a p a b i l i t i e s ,  t e c h n i c a l  c h a l l e n g e s ,  and f u t u r e  
r e s e a r c h  d i r e c t i o n s .  
I n t e r n a l  C o m p u t a t i o n a l  F l u i d  Mechan ics  
I n  t h e  a r e a  o f  i n t e r n a l  c o m p u t a t i o n a l  f l u i d  
mechan ics  ( ICFM) ,  r e s e a r c h  e f f o r t s  a t  NASA Lew is  
a r e  b e i n g  d i r e c t e d  t o w a r d  t h e  d e v e l o p m e n t  o f  
i m p r o v e d  c o m p u t a t i o n a l  t o o l s  for  b o t h  a n a l y s i s  and  
e f f o r t  i s  t o  d e v e l o p  a c a p a b i l i t y  to compute t h e  
ae ro the rmodynamics  o f  t h e  c o m p l e t e  p r o p u l s i o n  sys-  
tem, from i n l e t  t o  n o z z l e ,  i n  REASONABLE T I M E ,  for 
REASONABLE COST, and mos t  i m p o r t a n t l y ,  w i t h  KNOWN 
ACCURACY. I n  t h i s  c o n t e x t ,  t h e  r e q u i r e m e n t s  f o r  
success  a r e  d e f i n e d  b y  t h e  needs o f  t h e  a n a l y s t ,  
who mus t  be a b l e  t o  use  t h e  c o m p u t a t i o n a l  tools on 
a r o u t i n e  b a s i s .  C u r r e n t l y ,  o n l y  i n d e p e n d e n t  
p i e c e s  o f  t h e  a n a l y s i s  s y s t e m  a r e  a v a i l a b l e .  F i g -  
u r e  2 s i g n i f i e s  t h e  r a n g e  o f  codes t h a t  a r e  c u r -  
r e n t l y  b e i n g  used  or d e v e l o p e d  a t  NASA Lew is  f o r  
ae ro the rmodynamic  a n a l y s i s  o f  p r o p u l s i o n  compo- 
n e n t s .  The f o l l o w i n g  p a r a g r a p h s  g i v e  s p e c i f i c  
examp les  o f  t h e  use  o f  t h e s e  codes  fo r  a n a l y s i s  o f  
i n l e t s ,  t u r b o m a c h i n e r y ,  and c o m b u s t o r s .  
The l o n g - t e r m  g o a l  o f  t h e  NASA L e u i s  ICFM 
I n l e t s  
PEPSIS i s  a t h r e e - d i m e n s i o n a l ,  v i s c o u s ,  pa rab -  
o l i z e d  N a v i e r - S t o k e s  (PNS) code t h a t  has  been u s e d  
i n  c o m b i n a t i o n  w i t h  w i n d  t u n n e l  e x p e r i m e n t s  t o  sup- 
p o r t  t h e  d e v e l o p m e n t  o f  i n l e t s  for  h y p e r s o n i c  a i r -  
c r a f t . 5  F i g u r e  3 shows r e s u l t s  f r o m  t h e  a n a l y s i s  
o f  a Mach 5.0 i n l e t  c o n f i g u r a t i o n .  C o n t o u r s  o f  
p i t o t  p r e s s u r e  a r e  shown i n  F i g .  3 ( a )  f o r  v a r i o u s  
s t reamwise -no rma l  p l a n e s  i n  t h e  s u p e r s o n i c  p o r t i o n  
o f  t h e  i n l e t .  A more  d e t a i l e d  v i e w  o f  t h e  l a s t  
p l a n e  i s  shown i n  F i g .  3 ( b ) .  The n u m e r i c a l  s imu-  
l a t i o n  has p o i n t e d  t o  t h e  p r e s e n c e  of s t r o n g  sec-  
o n d a r y  f l o w s  w h i c h  w o u l d  be d e t r i m e n t a l  t o  t h e  
p e r f o r m a n c e  o f  t h e  i n l e t .  Wind t u n n e l  t e s t s  have  
c o n f i r m e d  t h e  p r e s e n c e  o f  t h e  s e c o n d a r y  f l o w s .  The 
PNS code has been  u s e d  t o  r e d e s i g n  t h e  i n l e t  and  a 
f u l l - s c a l e  model o f  t h e  r e d e s i g n e d  i n l e t  has u n d e r -  
gone t e s t i n g  a t  NASA L e w i s .  
T u r b o m a c h i n e r y  
The t w o - d i m e n s i o n a l ,  s t e a d y ,  i n v i s c i d ,  b l a d e  
passage codes ,  MERIDL and  TSONIC, have  been  com- 
b i n e d  w i t h  a b o u n d a r y  l a y e r  a n a l y s i s  code t o  form 
a q u a s i - t h r e e - d i m e n s i o n a l  passage a n a l y s i s  sys tem.6  
T h a t  s y s t e m  i n c l u d e s  t h e  c o m p u t a t i o n  o f  s u r f a c e  
h e a t  t r a n s f e r  as  w e l l  as  ae rodynamic  p e r f o r m a n c e .  
I t s  u s e f u l n e s s  has  been  d e m o n s t r a t e d  b y  C i v i n s k a s ,  
e t  a l .  i n  a s s e s s i n g  t h e  e f f e c t i v e n e s s  o f  a l e a d i n g  
edge r e d e s i g n  i n  r e d u c i n g  peak  h e a t  t r a n s f e r  t o  a 
t u r b i n e  b l a d e .  The q u a s i  - t h r e e - d i  mens i o n a l  a n a l y -  
s i s  was a b l e  t o  show t h a t  t h e  d e s i r e d  d e c r e a s e  i n  
h e a t  t r a n s f e r  c o u l d  b e  a c c o m p l i s h e d  w i t h o u t  compro- 
m i s i n g  a e r o d y n a m i c  e f f i c i e n c y .  
i n t e r a c t i o n  c a l c u l a t i o n s  f o r  t u r b o m a c h i n e s  i s  
b e i n g  d e v e l o p e d  a t  NASA L e w i s  and  NASA Ames. 
r e q u i r e d  codes  consume huge amounts o f  compu te r  
s t o r a g e  and  CPU t i m e  due t o  t h e  t i m e - d e p e n d e n t  
n a t u r e  o f  t h e  c a l c u l a t i o n s .  R e c e n t l y ,  J o r g e n s o n  
and  Chima r e p o r t e d  o n  a t e c h n i q u e  ( i . e . ,  i m p l i c i t  
r e s i d u a l  s m o o t h i n g )  t h a t  r e s u l t s  i n  a speedup o f  
The c a p a b i l i t y  t o  d o  u n s t e a d y ,  r o t o r - s t a t o r  
The 
t h e  c a l c u l a t i o n s  b y  a f a c t o r  of a b o u t  4 .5  w i t h o u t  
any  e f f e c t  o n  t h e  a c c u r a c y  of t h e  s o l u t i o n . 8  
T h r e e - d i m e n s i o n a l  f low s i m u l a t i o n s  c f  m u l t i -  
s t a g e  t u r b o m a c h i n e r y  a r e  b e i n g  conduc ted  a t  NASA 
Lew is  u s i n g  t h e  method o f  A d a m ~ z y k . ~  
method,  a n  "ave rage-passage  e q u a t i o n  sys tem"  i s  
used t o  r e p r e s e n t  t h e  t ime-ave raged  f low f i e l d  
w i t h i n  a t y p i c a l  passage o f  a b l a d e  row embedded 
w i t h i n  a m u l t i s t a g e  c o n f i g u r a t i o n .  The model 
i n c l u d e s  t h e  e f f e c t s  o f  u n s t e a d i n e s s ,  c o m p r e s s i b i l -  
i t y .  and v i s c o s i t y .  The H-STAGE code has been 
used t o  a n a l y z e  a v a r i e t y  o f  t u r b o m a c h i n e r y  c c n f i g -  
u r a t i o n s  i n c l u d i n  t h e  space s h u t t l e  m a i n  e n g i n e  
( S S M E )  tu rbopump.gO Computed r e s u l t s  have  shown 
good q u a l i t a t i v e  agreement  w i t h  e x p e r i m e n t a l  d a t a .  
A l t h o u g h  t h e  m a j o r  emphas is  o f  t i l e  NASA Lew is  
p rog ram i n  ICFM i s  o n  c o m p u t a t i o n a l  a n a l y s i s ,  t h e r e  
has been a n o t e w o r t h y  accomp l i shmen t  i n  t h e  e f f o r t  
t o  d e v e l o p  i m p r o v e d  n u m e r i c a l  d e s i g n  t o o l s .  Sanz 
has d e v e l o p e d  a n  au tomated  i n v e r s e  d e s i g n  method 
t h a t  can compute  a ro to r  or s t a t o r  a i r f o i l  shape 
based o n  d e s i g n e r - s p e c i f i e d  f low p a r a m e t e r s . l  The 
i n v e r s e  d e s i g n  method has been v e r i f i e d  exper imen-  
t a l l y  b y  Nea l  and F l e e t e r . l *  The a u t h o r s  b u i l t  and  
t e s t e d  a cascade  o f  a i r f o i l s  t h a t  had been d e s i g n e d  
b y  t h e  Sanz code.  F i g u r e  4 shows c o m p a r i s o n s  
be tween e x p e r i m e n t a l l y - d e t e r m i n e d  and computed 
p r e s s u r e  d i ~ t r i b u t i o n s . l ~ l ~ ~  The ag reemen t  f o r  
t h i s  case was q u i t e  good. C u r r e n t l y ,  t h e  au tomated  
i n v e r s e  d e s i g n  code i s  b e i n g  e v a l u a t e d  by t h e  gas 
t u r b i n e  i n d u s t r y .  
I n  t h i s  
Combustors  
A m a j o r  advance i n  t h e  use  o f  CFD f o r  d e s i g n  
o f  h i g h  speed p r o p u l s i o n  sys tems has  o c c u r r e d  w i t h  
t h e  deve lopmen t  o f  t h e  RPLUS code .15  RPLUS p r o -  
v i d e s  a new c a p a b i l i t y  t o  p e r f o r m  t i m e - e f f i c i e n t  
s t u d i e s  o f  m i x i n g  and c h e m i c a l  r e a c t i o n s  i n  t h e  
flow f i e l d s  o f  r a m j e t s  and  s c r a m j e t s .  The t h r e e -  
d i m e n s i o n a l  v e r s i o n  o f  t h e  code ,  RPLUS3D comb ines  
t h e  c o m p l e t e  t h r e e - d i m e n s i o n a l  N a v i e r - S t o k e s  equa-  
t i o n s  w i t h  s p e c i e s  t r a n s p o r t ,  an 8 - s p e c i e s ,  
14 -s tep ,  f i n i t e - r a t e  c h e m i s t r y  mode l ,  and t h e  
Ba ldwin-Lomax t u r b u l e n c e  mode l .  An i m p l i c i t ,  
f i n i t e - v o l u m e  scheme w i t h  l o w e r - u p p e r  s y m m e t r i c  
s u c c e s s i v e  o v e r r e l a x a t i o n  (LU-SSOR) i s  u s e d  t o  
s o l v e  t h e  f u l l y - c o u p l e d  e q u a t i o n s .  The RPLUS3D 
code has been t e s t e d  i n  a s e r i e s  o f  c a l c u l a t i o n s  o f  
a r e a c t i n g  h y d r o g e n  j e t  i n  c r o s s f l o w .  F i g .  5 shows 
w a t e r  v a p o r  c o n t o u r s  r e s u l t i n g  from t h e  r e a c t i o n  o f  
a s o n i c  h y d r o g e n  j e t  i n  a Mach 4 . 0  c r o s s f l o w .  The 
RPLUS3D r e s u l t s  compare f a v o r a b l y  w i t h  p r e v i o u s l y  
r e p o r t e d  r e s u l t s  from a t i m e - m a r c h i n g  code  w h i l e  
r e q u i r i n g  much l e s s  compu te r  t i m e  t o  c o n v e r g e  t o  a 
s t e a d y  s o l u t i o n .  
m o d e l i n g ,  g r i d  g e n e r a t i o n ,  and p a r a m e t e r  m o d e l i n g ,  
a s  w e l l  as  d r a m a t i c  improvemen ts  i n  supercompu te r  
p r o c e s s i n g  speed and memory, a r e  now mak ing  ICFM a 
p o w e r f u l  tool f o r  t h e  ae rodynamic  a n a l y s i s  of p r o -  
p u l s i o n  sys tems .  However,  v a l i d a t i o n  o f  e x i s t i n g  
and f o r t h c o m i n g  mode ls  and codes  i s  needed t o  g a i n  
c o n f i d e n c e  i n  t h e  use  of t h e  codes  as  d e s i g n  tools. 
A t  NASA L e w i s ,  code v a l i d a t i o n  i s  b e i n g  accom- 
p l i s h e d  t h r o u g h  c l o s e  c o u p l i n g  o f  t h e  code d e v e l o p -  
ment  e f f o r t s  and  "benchmark"  e x p e r i m e n t s  t h a t  f o c u s  
o n  t h e  b a s i c  f low mechan isms.  
Improvemen ts  i n  n u m e r i c a l  a l g o r i t h m s ,  g e o m e t r i c  
2 
C o m D u t a t i o n a l  S t r u c t u r a l  Mechan ics  
From t h e  " s t r u c t u r e s "  v i e w p o i n t ,  a e r o p r o p u l -  
s i o n  sys tems p r e s e n t  many d i v e r s e  and d i f f i c u l t  
s i m u l a t i o n  p r o b l e m s .  To a d d r e s s  t h e s e  p r o b l e m s ,  
t h e  S t r u c t u r e s  D i v i s i o n  o f  NASA Lew is  i s  engaged 
i n  a b r o a d  r e s e a r c h  p r o g r a m  w h i c h  encompasses v i r -  
t u a l l y  a l l  o f  t h e  s c i e n t i f i c  d i s c i p l i n e s  i n v o l v e d  
i n  s t r u c t u r a l  a n a l y s i s  and d e s i g n .  Research  
e f f o r t s  a r e  a imed  a t  t h e  deve lopmen t  o f  t h e o r e t i -  
c a l  m-odels, c o m p u t a t i o n a l  me thods ,  and exper imen-  
t a l  t e c h n i q u e s .  The f o c u s  o f  t h e  d i s c u s s i o n  h e r e  
i s  c o m p u t a t i o n a l  methods  and two s p e c i f i c  examples  
a r e  d e s c r i b e d  t h a t  r e p r e s e n t  t h e  c u r r e n t  c a p a b i l i t y  
and f u t u r e  d i r e c t i o n s  o f  r e s e a r c h  i n  t h i s  a r e a .  
S t r u c t u r a l  T a i  l o r i n q  
A r e c e n t  a c c o m p l i s h m e n t  w h i c h  e x e m p l i f i e s  c u r -  
r e n t  c a p a b i l i t y  i n  c o m p u t a t i o n a l  s t r u c t u r a l  mechan- 
i c s  f o r  a e r o p r o p u l s i o n  i s  t h e  deve lopmen t  o f  an 
i m p r o v e d  m e t h o d o l o g y  for  e n g i n e  b l a d e  d e s i g n .  
c o n c e p t  of s t r u c t u r a l  t a i l o r i n g  has  been success-  
f u l l y  d e m o n s t r a t e d  i n  a p p l i c a t i o n s  t o  c o o l e d  t u r -  
b i n e  b l a d e s  and advanced  p r o p f a n  b l a d e s .  I n  t h e  
l a t t e r  e f f o r t ,  t h e  s t r u c t u r a l  t a i l o r i n g  o f  advanced 
t u r b o p r o p s  (STAT) d e s i g n  sys tem was d e v e l o p e d  t o  
p r o v i d e  a s u p e r i o r  a l t e r n a t i v e  t o  t r a d i t i o n a l  p r o -  
p e l l e r  d e s i g n  p r a c t i c e . l 6  
The t r a d i t i o n a l  d e s i g n  p r o c e d u r e s  combine  
e n g i n e e r i n g  and a r t .  
o f  e x p e r i e n c e d  d e s i g n  e n g i n e e r s  who can  make t h e  
t r a d e - o f f s  t h a t  a r e  n e c e s s a r y  t o  s a t i s f y  a e r o -  
dynamic  and s t r u c t u r a l  p e r f o r m a n c e  r e q u i r e m e n t s .  
N o t  s u r p r i s i n g l y ,  t h i s  p r o c e s s  t e n d s  t o  be t i m e -  
consuming  ( e x p e n s i v e ) ,  cumbersome ( e r r o r - p r o n e ) ,  
and  s u b j e c t i v e  ( i n f l u e n c e d  b y  d e s i g n e r  j u d g m e n t ) .  
As such ,  i t  i s  d i f f i c u l t  t o  a r r i v e  a t  a s a t i s f a c -  
t o ry  d e s i g n ,  much l e s s  a n  op t imum one.  The STAT 
d e s i g n  s y s t e m  s t r e a m l i n e s ,  a u t o m a t e s ,  and f o r m a l -  
i z e s  t h e  p r o c e s s  b y  i n t e g r a t i n g  d i s c i p l i n e - s p e c i f i c  
a n a l y s e s  and m a t h e m a t i c a l  o p t i m i z a t i o n  i n t o  a com- 
p u t a t i o n a l l y  e f f e c t i v e  package .  
The STAT d e s i g n  s y s t e m  a d j u s t s  i n t e r n a l  (com- 
p o s i t e  c o n s t r u c t i o n )  and e x t e r n a l  ( d i m e n s i o n s /  
t h i c k n e s s  r a t i o s ,  sweep, t w i s t ,  e t c . )  g e o m e t r y  t o  
a c h i e v e  a n  o b j e c t i v e  o f  e i t h e r :  ( 1 )  minimum a i r -  
c r a f t  d i r e c t  o p e r a t i n g  c o s t  f o r  a f u l l - s i z e  b l a d e .  
or  ( 2 )  minimum a e r o e l a s t i c  d i f f e r e n c e s  be tween  
f u l l - s i z e  and  s c a l e d  ( w i n d  t u n n e l  mode l )  r e p r e s e n -  
t a t i o n s .  To d e t e r m i n e  t h e  o b j e c t i v e  f u n c t i o n  
p a r a m e t e r s  and t o  e n f o r c e  d e s i g n  c o n s t r a i n t s ,  STAT 
i n c o r p o r a t e s  d i s c i p l i n e - s p e c i f i c  a n a l y s e s  t o  e v a l u -  
a t e  a e r o d y n a m i c  e f f i c i e n c y ,  s t r e s s e s  and  f r e q u e n -  
c i e s ,  f o r c e d  r e s p o n s e ,  f l u t t e r  s t a b i l i t y ,  and  
a c o u s t i c  c h a r a c t e r i s t i c s .  
The 
The p r o c e s s  r e q u i r e s  a team 
S e v e r a l  n o v e l  s t r a t e g i e s  a r e  employed i n  STAT 
to  i m p r o v e  c o m p u t a t i o n a l  e f f e c t i v e n e s s .  A p p r o x i -  
ma te  (more  e f f i c i e n t )  a n a l y s e s  a r e  used  d u r i n g  t h e  
o p t i m i z a t i o n  p r o c e s s  and  t h e n  h i g h e r  f i d e l i t y  ( b u t  
c o m p u t e - i n t e n s i v e )  a n a l y s e s  a r e  used  t o  v e r i f y  t h e  
o p t i m u m  d e s i g n .  To r e d u c e  t h e  l i k e l i h o o d  o f  p r o -  
d u c i n g  a n  i n f e a s i b l e  d e s i g n ,  r e c a l i b r a t i o n  o f  t h e  
a n a l y s i s  i s  a c c o m p l i s h e d  b y  " t u n i n g "  t h e  a p p r o x i -  
ma te  a n a l y s e s  u s i n g  r e s u l t s  from t h e  h i g h e r  f i d e l -  
i t y  a n a l y s e s .  
t o  enhance t h e  STAT s y s t e m  b y  e m p l o y i n g  t e c h n i q u e s  
t h a t  w i l l  a c c e l e r a t e  t h e  h i g h e r  f i d e l i t y  c a l c u l a -  
t i o n s .  One e f f o r t  i n v o l v e s  a d a p t a t i o n  o f  t h e  
m u l t i g r i d  s t r a t e g y ,  w h i c h  has  been used  success -  
f u l l y  f o r  f i n i t e - d i f f e r e n c e  c o m p u t a t i o n s  i n  f l u i d  
R e l a t e d  deve lopmen ts  a r e  underway 
d y n a m i c s ,  t o  t h e  f i n i t e - e l e m e n t  compu:at ions.  more  
commonly used  i n  s t r u c t u r a l  d y n a m i c s . I 7  
STAT has d e m o n s t r a t e d  i t s  s u p e r i J r i t y  o v e r  t h e  
t r a d i t i o n a l  d e s i g n  p r o c e s s  f o r  p r o p f a n  d e s i g n .  Not 
o n l y  has STAT p r o d u c e d  b e t t e r  d e s i g n s ,  i t  nas 
r e s u l t e d  i n  d r a m a t i c  s a v i n g s  i n  d e s i g n  e f f o r t ,  as 
w e l l .  F o r  t h e  example  shown i n  F i g .  5 ,  t h e  t r a d i -  
t i o n a l  p r o c e s s  r e q u i r e d  o v e r  1CO manual d e s i g n  
i t e r a t i o n s ,  many man-months of d e s i g n  e f f o r t ,  and 
s u b s t a n t i a l  compu te r  r e s o u r c e s .  The STAT p r o c e s s  
r e q u i r e d  a few manhours  and a b o u t  2 hr o f  compu te r  
t i m e .  These s t a t i s t i c s  p r o v i d e  c l e a r  e v i d e n c e  o f  
t h e  STAT d e s i g n  s y s t e m ' s  p o t e n t i a l  F o r  r e d u c i n g  
d e s i g n  c y c l e  t i m e  and c o s t .  
P r o b a b i l i s t i c  S t r u c t u r a l  Mechan ics  
A new and g r o w i n g  r e s e a r c h  a r e a  i n  Computa- 
t i o n a l  S t r u c t u r a l  Mechan ics  i s  p r o b a b i l i s t i c  s t r u c -  
t u r a l  m e c h a n i c s .  Successes  i n  t h i s  a r e a  h o l d  
s i g n i f i c a n t  p r o m i s e  f o r  r e d u c i n g  t h e  enormous 
b u r d e n  of h a r d w a r e  c e r t i f i c a t i o n  t e s t i n g  t h a t  now 
d o m i n a t e s  t h e  deve lopmen t  c y c l e  f o r  new p r o p u l s i o n  
s y s  terns. 
The f u n d a m e n t a l  v a r i a b l e s  i n  a s t r u c t u r a l  
d e s i g n  ( i . e . .  g e o m e t r y ,  m a t e r i a l ,  b o u n d a r y  c o n d i -  
t i o n s  and l o a d s )  a r e ,  i n  r e a l i t y ,  u n c e r t a i n  q u a n t i -  
t i e s .  Even t h o u g h  t h i s  u n c e r t a i n t y  c o n t r i b u t e s  t o  
t h e  r i s k  of c o m p o n e n t l s y s t e m  f a i l u r e ,  t h e  degree  o f  
r i s k  i s  g e n e r a l l y  n o t  assessed ;  t h e  r e a s o n  b e i n g  
t h a t  t r a d i t i o n a l  " d e t e r m i n i s t i c "  d e s i g n  m e t h o d o l o g y  
does n o t  p r o v i d e  a means t o  a c c o m p l i s h  such  a n  
assessmen t .  I n  a n  a t t e m p t  t o  a v o i d  t h e  a c k n o w l -  
edged r i s k ,  d e t e r m i n i s t i c  m e t h o d o l o g y  makes use  o f  
t h e  " s a f e t y  f a c t o r "  i n  d e s i g n  and e x t e n s i v e  " p r o o f "  
t e s t i n g  of h a r d w a r e .  T h i s  a p p r o a c h  t o  r e d u c i n g  
r i s k  i s  e x p e n s i v e ,  b o t h  i n  c o s t  o f  deve lopmen t  and  
i n  c o s t  of o p e r a t i n g  a t  r e d u c e d  p e r f o r m a n c e  e f f i -  
c i e n c y .  T h i s  a p p r o a c h  may be u n a c c e p t a b l e  i n  s i t u -  
a t i o n s  where  o p e r a t i n g  economy and r e l i a b i l i t y  a r e  
t h e  p r i n c i p a l  ( a n d  c o m p e t i n g )  d e s i g n  o b j e c t i v e s .  
m i z i n g  c o s t ,  e f f o r t s  have begun t o  f o r m a l l y  
q u a n t i f y  u n c e r t a i n t y  and a t t e n d a n t  r i s k .  
a c c o m p l i s h m e n t s  have  p r o v i d e d  a f r a m e r o r k  w i t h i n  
w h i c h  c o m p u t a t i o n a l  methods  a r e  b e i n g  d e v e l o p e d  for  
p r o b a b i l i s t i c  s t r u c t u r a l  a n a l y s i s  and r e l i a b i l i t y -  
based d e s i g n .  These e f f o r t s  have  p r o d u c e d  t h e  
n u m e r i c a l  e v a l u a t i o n  o f  s t o c h a s t i c  s t r u c t u r e s  u n d e r  
s t r e s s  (NESSUS)  a n a l y s i s  sys tem.  18 NESSUS f e a t u r e s  
a m o d u l a r  s o f t w a r e  s t r u c t u r e  c o m p r i s i n g :  ( 1 )  an  
e x p e r t  s y s t e m  t h a t  s e r v e s  as  a u s e r  i n t e r f a c e ,  ( 2 )  
modu les  for p e r f o r m i n g  f i n i t e - e l e m e n t  and boundary -  
e l e m e n t  p e r t u r b a t i o n  a n a l y s e s ,  and ( 3 )  p r o b a b i l i t y  
s i m u l a t i o n  and  i n t e g r a t i o n  m o d u l e s .  E s s e n t i a l l y ,  
NESSUS d e t e r m i n e s  t h e  c u m u l a t i v e  p r o b a b i l i t y  o f  
o c c u r r e n c e  of s t r u c t u r a l  r e s p o n s e  v a r i a b l e s  and  
q u a n t i f i e s  s t r u c t u r a l  r e l i a b i l i t y  f o r  d e f i n e d  f a i l -  
u r e  e v e n t s  ( F i g .  7 ) .  NESSUS p r o v i d e s  a c a p a b i l i t y  
t o  e v a l u a t e  c o s t  v e r s u s  s a f e t y  t r a d e o f f s  i n  a 
s t r u c t u r a l  d e s i g n  and  t o  d e v e l o p  r i s k  a c c e p t a n c e  
c r i  t e r i  a .  
I n  t h e  i n t e r e s t  o f  m a x i m i z i n g  s a f e t y  and  m i n i -  
E a r l y  
P a r t i c u l a r l y  n o t e w o r t h y  a r e  two n u m e r i c a l  
" b r e a k t h r o u g h s "  t h a t  have  made p r o b a b i l i s t i c  a n a l y -  
s i s  o f  r e a l i s t i c  s t r u c t u r e s  c o m p u t a t i o n a l l y  t r a c t a -  
b l e .  
i t e r a t i v e  p e r t u r b a t i o n  a l g o r i t h m s  f o r  c o m p u t i n g  t h e  
s e n s i t i v i t i e s  o f  r e s p o n s e  v a r i a b l e s  t o  s m a l l  f l u c -  
t u a t i o n s  o f  random i n d e p e n d e n t  v a r i a b l e s .  
a l g o r i t h m s  have  been a d a p t e d  t o  t h e  more modern  
The f i r s t  i s  t h e  deve lopmen t  o f  e f f i c i e n t  
These 
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( a n d  e l a b o r a t e )  m i x e d - f i e l d ,  f i n i t e  e l e m e n t  fo rmu-  
1 a t i o n s . l g  The second deve lopmen t  i s  t h e  f a s t  
p r o b a b i l i t y  i n t e g r a t i o n  ( F P I )  a l g o r i t h m  w h i c h  
t r a n s l a t e s  t h e  s e n s i t i v i t i e s  i n t o  a c u m u l a t i v e  
p r o b a b i  1 i t y  o f  o c c u r r e n c e . 2 0  
has  p r o v i d e d  an e f f i c i e n t  a l t e r n a t i v e  t o  t h e  w e l l -  
e s t a b l i s h e d  Monte  C a r l o  s i m u l a t i o n  t e c h n i q u e s .  
The F P I  a l g o r i t h m  
Near - te rm e f f o r t s  i n  p r o b a b i l i s t i c  a n a l y s i s  
w i l l  e x t e n d  t h e  a p p l i c a b i l i t y  o f  NESSUS to  non- 
l i n e a r  reg imes  of s t r u c t u r a l  r e s p o n s e .  Longer -  
t e r m  e f f o r t s  a r e  e n v i s i o n e d  t h a t  w i l l  combine  t h e  
p r o b a b i l i s t i c  a n a l y s i s  m e t h o d o l o g y  w i t h  damage 
s t a t e  and f a i l u r e  m o d e l s ,  p r o d u c i n g  a comprehens ive  
c a p a b i l i t y  f o r  a s s e s s i n g  s t r u c t u r a l  r e l i a b i l i t y .  
C o m p u t a t i o n a l  M a t e r i a l s  S c i e n c e  
M a t e r i a l s  r e s e a r c h  a t  NASA Lew is  encompasses a 
l a r g e  f i e l d  o f  s t u d y  w i t h  a p p l i c a t i o n s  as v a r i e d  
as  s t r u c t u r e s ,  s e m i c o n d u c t o r s ,  s o l a r - c e l l s ,  h i g h -  
t e m p e r a t u r e  e n g i n e  components ,  l u b r i c a n t s ,  and 
c o a t i n g  t e c h n o l o g y .  
c l a s s e s  o f  m a t e r i a l s ,  i n c l u d i n g  m e t a l s ,  i n t e r m e t a l -  
l i c s ,  c e r a m i c s ,  p o l y m e r s  and s e m i c o n d u c t o r s .  Of 
s p e c i a l  i n t e r e s t  a r e  c o m p o s i t e s  w i t h  m e t a l ,  
c e r a m i c ,  or  p o l y m e r  m a t r i c e s .  
A c e n t r a l  t h r u s t  i n  t h e  m a t e r i a l s  p r o g r a m  a t  
NASA-Lewi s i s  t h e  d e v e l o p m e n t  o f  h i g h - t e m p e r a t u r e  
m a t e r i a l s  f o r  j e t  e n g i n e  a p p l i c a t i o n s .  Over  t h e  
p a s t  s e v e r a l  decades,  NASA Lew is  r e s e a r c h e r s ,  i n  
c o n j u n c t i o n  w i t h  many academic  and  i n d u s t r i a l  p a r t -  
n e r s ,  have  d e v e l o p e d  s e v e r a l  new m a t e r i a l s  t h a t  
have  c o n t r i b u t e d  s i g n i f i c a n t l y  t o  t h e  p r e s e n t  s t a t e  
o f  j e t  e n g i n e  t e c h n o l o g y .  
W h i l e  t h e r e  have  been d r a m a t i c  advances  i n  
t h e  PRACTICE o f  m a t e r i a l s  s c i e n c e ,  c o m p u t a t i o n a l  
app roaches  a r e  s t i l l  i n  t h e i r  i n f a n c y .  The s c i e n c e  
o f  m a t e r i a l s  i s  s t i l l  l a r g e l y  a n  e x p e r i m e n t a l  a r t .  
T h i s  i s  not  t h e  r e s u l t  o f  a l a c k  o f  a p p r e c i a t i o n  
f o r  t h e  p o t e n t i a l  o f  c o m p u t a t i o n a l  m a t e r i a l s  s c i -  
ence ,  b u t  i s  caused b y  t h e  i n h e r e n t  d i f f i c u l t i e s  
a s s o c i a t e d  w i t h  c o m p u t i n g  m a t e r i a l s  phenomena t h a t  
s i m u l t a n e o u s l y  r a n g e  i n  s c a l e  f rom t h e  c o n t i n u u m  
r e g i m e  down t o  t h e  m o l e c u l a r  l e v e l .  
An e x a m i n a t i o n  o f  a t y p i c a l  m a t e r i a l s  s c i e n c e  
p r o c e s s  w i l l  u s u a l l y  show t h e  c o e x i s t e n c e  o f  s o l i d ,  
l i q u i d ,  and gaseous phases ,  and o f  numerous chemi -  
c a l  s p e c i e s  w h i c h  can  i n t e r a c t  t o  form s t i l l  o t h e r  
s p e c i e s .  The c l a s s i c a l  c o n t i n u u m  b o u n d a r y  c o n d i -  
t i o n s  a r e  supp lemen ted  b y  t h e  p r e s e n c e  o f  s e v e r a l  
u n i q u e  c o n d i t i o n s  d e t e r m i n e d  b y  t h e  l o c a l  thermo-  
dynamic  s t a t e .  An a d d i t i o n a l  c o m p l i c a t i o n  i s  t h e  
f o r m a t i o n  o f  s h i f t i n g  i n t e r f a c e s  among t h e  d i f f e r -  
e n t  phases .  C o m p u t a t i o n a l l y ,  such  p r o b l e m s  a r e  
e x t r e m e l y  d i f f i c u l t  t o  s o l v e ,  and u n t i l  r e c e n t l y ,  
n o  e f f i c i e n t  a l g o r i t h m s  were  a v a i l a b l e  f o r  g e n e r a l  
t h r e e - d i m e n s i o n a l ,  t ime-dependen t  s i m u l a t i o n s .  
S i m u l a t i o n  a t  t h e  m o l e c u l a r  l e v e l  r e q u i r e s  a 
c o m p l e t e l y  d i f f e r e n t  v i e w p o i n t .  
i n t e r e s t  i s  i n  t h e  way i n d i v i d u a l  a toms and mo le -  
c u l e s  a t t a c h  t o  form comp lex  new s t r u c t u r e s ,  such 
a s  p o l y m e r s  and c r y s t a l s .  C o m p u t a t i o n a l  app roaches  
i n v o l v e  t o o l s  from s t a t i s t i c a l  mechan ics ,  m o l e c u l a r  
m o d e l i n g  and  o t h e r  s p e c i a l i z e d  t e c h n i q u e s .  
The h a l l m a r k  o f  t h e  d i f f i c u l t i e s  i n  computa-  
t i o n a l  m a t e r i a l s  s c i e n c e  i s  t h a t  t h e  two l e v e l s  of 
a p p r o x i m a t i o n s ,  v a s t l y  d i f f e r e n t  b o t h  i n  s c a l e  and 
i n  g o v e r n i n g  p h y s i c s ,  a r e  i n t i m a t e l y  i n t e r t w i n e d  i n  
T h i s  work i n v o l v e s  many 
Here  t h e  m a i n  
t h e  d e s c r i p t i o n  o f  a s i n g l e  p r o c e s s .  
a n e w l y  d e v e l o p e d  t h r u s t  i n  c o m p u t a t i o n a l  m a t e r i a l s  
s c i e n c e  i s  a d d r e s s i n g  b o t h  t h e  m o l e c u l a r  and t h e  
c o n t i n u u m  r e g i m e s .  
cuss  one  examole  o f  t h a t  w o r k ,  name ly ,  t h e  c h e m i c a l  
v a p o r  d e p o s i t i o n  (CVD) o f  s i l i c o n  fo r  h i g h  tempera -  
t u r e  a p p l i c a t i o n s .  
Chemica l  Vapor  D e p o s i t i o n  
The CVD p r o c e s s  c o n s i s t s  o f  i n j e c t i n g  a n u t r i -  
e n t  gas ( s i l a n e )  w i t h  a c a r r i e r  gas m i x t u r e  ( h y d r o -  
gen w i t h  a r g o n  or  h e l i u m )  i n t o  a r e a c t o r .  The 
r e a c t o r  may t a k e  many shapes ,  b u t  p r i n c i p a l l y  i t  i s  
a c o n t a i n e r  w i t h  w a t e r  o r  gas -coo led  w a l l s .  The 
sample ( s u s c e p t o r )  t o  be c o a t e d  i s  p l a c e d  i n s i d e  
t h e  r e a c t o r ,  and i s  h e a t e d  (commonly b y  an e x t e r n a l  
RF f i e l d ) .  As t h e  i n i t i a l l y  c o o l  gas s t r e a m  p a s j e s  
o v e r  t h e  h o t  sample ,  s e v e r a l  s i m u l t a n e o u s  c h e m i c a l  
r e a c t i o n s  o c c u r ,  p r o d u c i n g  a d d i t i o n a l  c h e m i c a l  spe- 
c i e s .  
s u r f a c e  r e a c t i o n s  fo l low,  whose f i n a l  r e s u l t  i s  t h e  
d e p o s i t i o n  o f  s i l i c o n  o v e r  t h e  sample .  
s i t s ,  w h i l e  o f  i n t e r e s t  i n  t h e i r  own r i g h t ,  a r e  
p r e c u r s o r s  t o  s i l i c o n  c a r b i d e  c o a t i n g s  and b u l k  
s i l i c o n  c a r b i d e  e n g i n e  components .  
The approach  b e i n g  t a k e n  a t  NASA L e w i s ,  r e p r e -  
s e n t s  t h e  s t a t e - o f - t h e - a r t  i n  t h e  m o d e l i n g  o f  t h e  
CVD p r o c e s s .  T h r e e - d i m e n s i o n a l  f l u i d ,  h e a t ,  and 
mass t r a n s f e r  a r e  c o n s i d e r e d ,  t o g e t h e r  w i t h  homoge- 
neous (gas  s t r e a m )  and h e t e r o g e n e o u s  ( s u r f a c e )  
f i n i t e  c h e m i c a l  r e a c t i o n  r a t e s ,  t h e  e f f e c t s  o f  
buoyancy ,  and t h e  l o c a l  t he rmodynamics  o f  t h e  sys-  
tem. S t u d i e s  a r e  underway t o  t e s t  and v a l i d a t e  
t h e  code and t o  use t h e  code t o  d e t e r m i n e  t h e  r e l a -  
t i v e  i m p o r t a n c e  o f  d i f f e r e n t  c a r r i e r  gases  i n  
a f f e c t i n g  t h e  f i n a l  s p a t i a l  d i s t r i b u t i o n  o f  t h e  
s i l i c o n  d e p o s i t s  o n  t h e  s a m p l e ' s  s u r f a c e .  The g o a l  
i s  t o  d e v e l o p  a s i m u l a t i o n  t h a t  can  b e  used  b y  
d e s i g n e r s  t o  d e t e r m i n e  t h e  op t imum s e t  of g e o m e t r y  
and o p e r a t i n g  p a r a m e t e r s  f o r  a c h i e v i n g  d e s i r e d  
d e p o s i t i o n  c h a r a c t e r i s t i c s .  
The r e a c t o r  r e p r e s e n t e d  i n  F i g .  8 ( a )  i s  a n  
e x p e r i m e n t a l  a p p a r a t u s  w i t h  w h i c h  s i l i c o n  d e p o s i -  
t i o n  r a t e s  have  been measured f o r  many combina-  
t i o n s  of b o u n d a r y  c o n d i t i o n s  and i n l e t  p a r a m e t e r s .  
The r e s u l t s  r e p r e s e n t  an e x c e l l e n t  d a t a  base for  
t h e  v a l i d a t i o n  o f  t h e  n u m e r i c a l  app roach .  
A t  NASA L e w i s ,  
The f o l l o w i n g  p a r a g r a p h s  d i s -  
When s p e c i e s  a r r i v e  a t  t h e  h e a t e d  samp le ,  
Such depo- 
F i g u r e s  8 ( b )  and ( c )  show f low v i s u a l i z a t i o n  
r e s u l t s  f o r  s i m u l a t i o n  r u n s  u s i n g  a 7 5 / 2 5  m i x t u r e  
of H2 and A r  f o r  t h e  c a r r i e r  gas .  
shown f o r  s i m u l a t i o n s  o f  b o t h  e a r t h b o u n d  ( 1  g )  and 
s p a c e f l i g h t  ( n o m i n a l l y  0 g )  c o n d i t i o n s .  
l a t i o n  shows t h e  d r a m a t i c  e f f e c t s  o f  buoyancy  i n  
p r o d u c i n g  a " c o r k - s c r e w - e f f e c t . "  The s i m u l a t i o n  
r e s u l t s  i n d i c a t e  t h a t  t h e  f i n a l  d e p o s i t i o n  r a t e s  
and s p a t i a l  d i s t r i b u t i o n  o n  t h e  s u s c e p t o r  w i l l  b e  
n o n u n i f o r m  and h i g h l y  complex  f o r  c a r r i e r  gases  o f  
H2 and  A r  i n  t h e  1 g e n v i r o n m e n t .  
s i m i l a r  s i m u l a t i o n s  w i t h  m i x t u r e s  o f  H2 and He 
showed o n l y  m i n o r  d i f f e r e n c e s  be tween  t h e  1 g and 
0 g c a s e s .  
t h a t  a s i m p l e  r e p l a c e m e n t  o f  A r  w i t h  He c o u l d  sup- 
p r e s s  t h e  m a j o r  a d v e r s e  . e f f e c t s  o f  n a t u r a l  convec -  
t i o n .  I t  s h o u l d  a l s o  be p o i n t e d  out t h a t  s i m p l e ,  
d i m e n s i o n a l  a n a l y s i s ,  u s i n g  n a t u r a l  c o n v e c t i o n  
p a r a m e t e r s  such  as  t h e  G r a s h o f  and R a y l e i g h  num- 
b e r s ,  c o u l d  n o t  b e  e x p e c t e d  t o  p r o v i d e  s i m i l a r  
i n s i g h t s  i n t o  t h e  f low r e g i m e s  e x p e c t e d .  
m a i n l y  because  o f  t h e  s t e e p  t h e r m a l  g r a d i e n t s  
R e s u l t s  a r e  
The s imu-  
S u r p r i s i n g l y ,  
The s i m u l a t i o n  has  p r o v i d e d  t h e  i n s i g h t  
T h i s  i s  
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present (-700 Klcm) and the three-dimensional 
nature of the flow. 
Figure 9 shows computed concentration fields 
of silane in three transverse slices along the sus- 
ceptor for the HZ/Ar case. The three-dimensional 
aspect of the natural convection in the 1 g case is 
apparent. The concentration field is nonuniform in 
the cross-flow direction with entrainment of high 
levels of unused silane in the cork-screw vortex, 
as well as above the susceptor, where a smaller 
vortex is found. The fields for the 0 g case show 
diffusion-controlled transport, with the expected 
downstream depletion of the nutrient gas (silane) 
due to the simultaneous reactions and the deposit- 
ing of silicon on the susceptor. When the flow is 
diffusion controlled, even two-dimensional simula- 
tions can provide good results. Two-dimensional 
models and the simpler boundary-layer analyses are 
currently the common means to simulate CVD proc- 
esses. However, as the NASA Lewis results have 
shown, the use o f  the simpler models must be based 
on the results o f  a full, three-dimensional simula- 
tion. To initially assume that the three- 
dimensional effects can be neglected is dangerous 
and may result in substantial errors. 
material science can no longer guarantee the devel- 
opment of new and improved materials for high- 
temperature applications. Since a suitable test 
matrix may involve hundreds of experiments required 
to optimize a process, the attractiveness of the 
computational approach is evident. Coupled with 
the exploitation of  the latest advances in algo- 
rithms and hardware, computational materials sci- 
ence has the potential to provide needed guidance 
in a timely manner and a true working partnership 
with experimental methods. 
Purely experimental approaches to research in 
High Performance Computing 
The preceding sections have illustrated cur- 
rent capabilities, technical challenges, and 
research directions in internal computational fluid 
mechanics, computational structural mechanics, and 
computational materials science. As indicated, 
computational capabilities are enabling, and in 
some cases, pacing many o f  the critical advances 
in these disciplines. In this section, we consider 
some of these computational requirements in both 
qualitative and quantitative terms and present the 
NASA Lewis perspective on the key issues in high 
performance computing that impact those 
requirements. 
Computational Requirements 
Internal fluid mechanics. Experience with the 
PROTEUS code has provided some measure of the com- 
putational requirements associated with time- 
accurate simulation o f  inlets, ducts, and nozzles. 
The PROTEUS code has shown a scalable CPU time 
requirement of 3.6~10-4 seclgrid pointltime step on 
the Cray X-MP. A realistic, two-dimensional model 
often requires about 10 000 time steps on a 100 by 
100 grid of meshpoints to ensure convergence of the 
solution. This yields a time to solution o f  about 
10 CPU hours on a Cray X-MP. Extrapolating these 
results to hypersonic inlet analyses that would 
require a three-dimensional representation with a 
grid size o f  100 by 100 by 100 yields CPU times of 
about 1000 CPU hours. Clearly, dramatic advances 
in computing technology are needed to enable these 
calculations to be used on a regular basis for 
engineering applications. 
SSME turbopump calculations, using Adamczyk's 
M-STAGE. have required a mesh size of 110 by 1 1  
by 1 1  to discretize the geometry. The code 
required approximately 800 CPU seconds to develop 
adequate initial conditions for the iterative solu- 
tion and 4000 sec for convergence in a typical 
case. Use of the code to investigate localized 
phenomena, such as blade tip vortex generation and 
propagation, would require much finer grids. Some 
initial work along this line has reauired mesh 
geometries of 200 by 40 by 21 and CPU times from 
50 to 200 hrlcase on the Cray X-MP. in a design 
process, many such cases would have to be run to 
develop performance profiles that can guide the 
selection of the "best" design parameters. 
Structural mechanics. One o f  the critical 
issues in the development of advanced propulsion 
systems and one that poses significant computa- 
tional challenges is the prediction of component 
life. Researchers at NASA Lewis have been develop- 
ing and evaluatin unified, constitutive models for 
life prediction.zq Most of the analyses use the 
MARC or NASTRAN finite element codes in conjunction 
with a number of NASA Lewi s-developed codes . 2 2  
Typically, a thermalistructural code, such as MARC, 
is used to determine the structural and thermal 
loading distribution. These loadings are input to 
stress-strain life models to identify the critical 
point(s) of the structure. The process may have to 
be repeated several times to evaluate a1 ternative 
geometries and/or materials. Any changes that 
might impact the flow or heat transfer characteris- 
tics of the component have to be reanalyzed by the 
fluid dynamicist. This type of analysis has been 
used to study the cowl lip of a hypersonic inlet. 
There, a complete analysis required 20 to 30 runs 
of the MARC code with each run typically taking 
about 5 or 6 CPU hours on the Cray X-MP. 
Computational Technology 
Computational environment. The development and 
practical application of advanced numerical simula- 
tion codes for propulsion design and analysis will 
require significant increases in computing power 
(i.e., speed and memory). These advances will have 
to be matched by similar improvements in the major 
areas o f  computational support, namely, graphics, 
program development, and data management. The 
graphics tools are especially important because of 
the massive amounts of multidimensional data that 
need to be assimilated. The program development 
environment must allow noncomputer specialists to 
work effectively in programming, debugging, and 
running simulation codes on state-of-the-art, high 
performance computers. The retrieval, manipula- 
tion, and storage of extremely large programs and 
databases are critical throughout the simulation 
process. 
NASA Lewis is moving as rapidly as possible 
toward the establishment of a high performance com- 
puting environment that will satisfy the projected 
needs in propulsion simulation. The approach being 
taken is to provide a local high performance graph- 
ics workstation capability with networked access to 
UNIX-based parallel processors, mainframes and 
supercomputers. NASA Lewis currently has about 50 
such workstations, a broad-band and Ethernet-based 
cable network, Cray X-MP supercomputer, an A1 liant 
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FX80 p a r a l l e l  p r o c e s s o r ,  and an Amdahl 580 main-  
f r a m e  compu te r .  NASA Lew is  has j u s t  c o m p l e t e d  a 
m i g r a t i o n  f r o m  t h e  p r o p r i e t a r y  C r a y  O p e r a t i n g  Sys- 
tem (COS) t o  t h e  UNIX-based CRAY O p e r a t i n g  Sys tem 
(UNICOS).23 D e t a i l e d  d i s c u s s i o n s  o f  t h e  u t i l i z a -  
t i o n  o f  UNICOS and  t h e  s o l i d  s t a t e  s t o r a g e  d e v i c e  
(SSD)  f o r  l a r g e  p rog rams  and d a t a b a s e s  a r e  g i v e n  
b y  Hackenberg .  2 4  
P a r a l l e l  p r o c e s s i n g .  A s  we approach  t h e  p h y s i -  
c a l  1 - i m i t s  o f  e l e c t r o n i c  s w i t c h i n g  speeds ,  t h e  
p o t e n t i a l  f o r  a c h i e v i n g  s i g n i f i c a n t  i n c r e a s e s  i n  
p r o c e s s o r  speed i s  d i m i n i s h i n g .  The NASA Lew is  
p rog ram i n  p a r a l l e l  p r o c e s s i n g  i s  g r o w i n g  w i t h  t h e  
r e c o g n i t i o n  t h a t  p a r a l l e l  p r o c e s s i n g  i s  a v i a b l e  
app roach  to a c h i e v i n g  t h e  o r d e r s  of m a g n i t u d e  
i n c r e a s e s  i n  c o m p u t i n g  speed t h a t  w i l l  b e  needed 
f o r  p r o p u l s i o n  s i m u l a t i o n .  C u r r e n t l y ,  t h e  NASA 
Lew is  p r o g r a m  i n c l u d e s  g r a n t  s u o p o r t  for and 
c o o p e r a t i v e  r e s e a r c h  p rog rams  w i t h  a number o f  
u n i v e r s i t i e s ,  o n - g o i n g  e v a l u a t i o n s  o f  v a r i o u s  com- 
m e r c i a l l y  a v a i l a b l e  sys tems ,  and c o o p e r a t i v e  
a r rangements  t o  e v a l u a t e  ha rdware  and  s o f t w a r e  
u n d e r  deve lopmen t  b y  v e n d o r s .  
t e c t u r e  f o r  a p a r t i c u l a r  s i m u l a t i o n  p r o b l e m  i s  s e l -  
dom c l e a r - c u t  and depends on t h e  n a t u r e  of t h e  
p a r a l l e l i s m  i n h e r e n t  i n  t h e  p r o b l e m  f o r m u l a t i o n .  
F i g u r e  1 0  i l l u s t r a t e s  how t h e  p h y s i c a l  p a r a l l e l i s m  
t h a t  e x i s t s  i n  a m u l t i s t a g e  t u r b o m a c h i n e  was 
e x p l o i t e d  b y  Mu lac  i n  mapp ing  t h e  M-STAGE code 
o n t o  t h e  f o u r - p r o c e s s o r  CRAY X-MP/48.1° I n  t h i s  
case ,  t h e  f low f i e l d  c a l c u l a t i o n s  f o r  each b l a d e  
row o f  a two-s tage  t u r b i n e  were  a s s i g n e d  to sepa- 
r a t e  p r o c e s s o r s .  T h i s  app roach  t o  p a r a l l e l  p r o -  
c e s s i n g  i s  w e l l  s u i t e d  f o r  t o d a y ' s  supercompu te rs  
t h a t  employ  a s m a l l  number of v e r y  p o w e r f u l  p r o c e s -  
sors. M a s s i v e l y  p a r a l l e l  p r o c e s s i n g  sys tems ,  f e a -  
t u r i n g  hundreds  or even  thousands  o f  l e s s  p o w e r f u l  
p r o c e s s o r s ,  a r e  b e g i n n i n g  t o  emerge f r o m  r e s e a r c h  
l a b o r a t o r i e s .  These sys tems h o l d  t h e  p r o m i s e  o f  
b e i n g  a b l e  t o  e x p l o i t  much f i n e r - g r a i n  p a r a l l e l i s m  
i n  t h e  a l g o r i t h m s  t o  d e l i v e r  o t h e r w i s e  u n a t t a i n a b l e  
c o m p u t i n g  speeds .  T h i s  c o n c e p t  i s  i l l u s t r a t e d  i n  
F i g .  11 f o r  t h e  m u l t i s t a g e  t u r b o m a c h i n e r y  p r o b l e m .  
Here ,  c l u s t e r s  of p r o c e s s o r s  m i g h t  be o r g a n i z e d  i n  
a h i e r a r c h i c a l  f a s h i o n  t o  p e r f o r m  c o n c u r r e n t  c a l c u -  
l a t i o n s  a t  t h e  t a s k  ( b l a d e  row), s u b - t a s k  ( f low 
passage) ,  and  sub -sub - task  (mesh p o i n t ( s ) )  l e v e l s .  
T h i s  movement t o w a r d  p a r a l l e l  p r o c e s s i n g  for  
c o m p u t a t i o n a l l y - i n t e n s i v e ,  t i m e - c r i t i c a l  a p p l i c a -  
t i o n s ,  i s  b e i n g  impeded b y  a c o n t i n u i n g  s o f t w a r e  
gap w i t h  v e r y  f e w  t o o l s  a v a i l a b l e  for  p rog ramming  
and o p e r a t i n g  p a r a l l e l  p r o c e s s i n g  sys tems .  These 
p r o b l e m s  a r e  compounded b y  t h e  h e a v y  dependence o n  
F o r t r a n  as  a p rog ramming  l a n g u a g e  i n  t h e  s c i e n t i f i c  
and e n g i n e e r i n g  d i s c i p l i n e s .  The b a s i c  p rog ramming  
c o n s t r u c t s  i n  F o r t r a n  a r e  s e q u e n t i a l  i n  n a t u r e  and  
s e r v e  t o  d i s g u i s e  w h a t e v e r  p a r a l l e l i s m  may e x i s t  i n  
t h e  p r o b l e m .  Some o f  t h e  new l a n g u a g e s ,  such  as  
ADA, have  f e a t u r e s  t h a t  r e s t o r e  some o f  t h e  e x p r e s -  
s i v e n e s s  and p r o g r a m  c o n t r o l ,  b u t  a r e  g e n e r a l l y  n o t  
a v a i l a b l e  o n  t h e  new p a r a l l e l  p r o c e s s i n g  mach ines .  
With t h e  p r o l i f e r a t i o n  o f  new h a r d w a r e  a r c h i -  
t e c t u r e s  and  l a n g u a g e  i m p l e m e n t a t i o n s ,  i t  i s  
u n c l e a r  a s  t o  w h i c h  sys tems  w i l l  u l t i m a t e l y  emerge 
as  s u p e r i o r  for  p r o p u l s i o n  s i m u l a t i o n .  C u r r e n t l y ,  
NASA L e w i s  i s  p u r s u i n g  two e f f o r t s ,  a s  i l l u s t r a t e d  
i n  F i g .  1 2 .  The f i r s t  a d d r e s s e s  t h e  C e n t e r ' s  "pro- 
d u c t i o n "  w o r k l o a d  and  i n v o l v e s  t h e  a c q u i s i t i o n  and 
use  of " c o n v e n t i o n a l "  s u p e r c o m p u t e r s  whose s o f t w a r e  
The s e l e c t i o n  o f  a p a r a l l e l  p r o c e s s i n g  a r c h i -  
w i l l  a l l o w  t h e  programmer t o  use c o m p i l e r  d i r e c -  
t i v e s  i n  t h e  F o r t r a n  code t o  a c c o m p l i s h  a modera te  
deg ree  o f  p a r a l l e l  p r o c e s s i n g .  The second e f f c r t  
add resses  t h e  r a p i d l y  g r o w i n g  demands fo r  h i g n  p e r -  
fo rmance c o m p u t i n g  and i n v o l v e s  t h e  i n v e s t i g a r i o n  
o f  h i g h l y  m a s s i v e l y  p a r a l l e l  a r c h i t e c t u r e s ,  a l g o -  
r i t h m s ,  p rog ramming  languages ,  e t c .  t h a t  h o l d  t h e  
p r o m i s e  o f  b e i n g  a b l e  t o  s a t i s f y  t h e  c o m p u t a t i o n a l  
w o r k l o a d  i n  t h e  y e a r s  t o  come. The r e c e n t  a c q u i s i -  
t i o n  b y  NASA Lew is  o f  an A 1  1 i a n t  FX-80 s y s t e m  r i  t h  
e i g h t  p r o c e s s o r s  can be v iewed  as  a p o i n t  o f  d i v e r -  
gence be tween t h e  two p a t h s  w i t h  f u t u r e  a c q u i s i t i o n s  
a imed a t  p r o v i d i n g  access  t o  s t a t e - o f - t h e - a r t ,  mas- 
s i v e l y  p a r a l l e l  a r c h i t e c t u r e s .  
NASA L e w i s  has i n i t i a t e d  a number o f  p i l o t  
a c t i v i t i e s  i n  c o m p u t a t i o n a l  t e c h n o l o g y  t o  g a i n  
i n s i g h t  i n t o  many of t h e  p a r a l l e l  p r o c e s s i n g  
i s s u e s .  These a c t i v i t i e s  i n c l u d e  t h e  deve lopmen t  
o f  a f i n i t e  e l e m e n t  s o l v e r  t h a t  u t i l i z e s  m u l t i p l e  
t r a n s p u t e r  b o a r d s  and i s  programmed u s i n g  t h e  
OCCAM l a n g u a g e .  Also, NASA Lew is  r e s e a r c h e r s  have 
d e v e l o p e d  t h e  m u l t i a r c h i t e c t u r e  H y p e r c l u s t e r  con- 
c e p t  t h a t  i s  b e i n g  used t o  i n v e s t i g a t e  t h e  m a t c h i n g  
o f  a l g o r i t h m s  and a r c h i t e c t u r e s  f o r  ICFM a p p l i c a -  
t i o n ~ . ~ ~  
g a i n e d  i n  t h e  deve lopmen t  and a p p l i c a t i o n  o f  
p a r a l l e l  p r o c e s s o r s  f o r  r e a l - t i m e  j e t  e n g i n e  
s i  mu 1 a t  i o n  .26 
T h a t  work  i s  b u i l d i n g  o n  e x p e r i e n c e  
P u t t i n g  I t  A l l  T o g e t h e r  - 
N u m e r i c a l  P r o p u l s i o n  Sys tem S i m u l a t i o n  
The p r e c e d i n g  p a r a g r a p h s  have  i l l u s t r a t e d  how 
advances  i n  t h e  p h y s i c a l  and c o m p u t a t i o n a l  s c i e n c e s  
a r e  e n a b l i n g  r e s e a r c h e r s  t o  b e t t e r  u n d e r s t a n d ,  
mode l ,  and s i m u l a t e  t h e  p h y s i c a l  p r o c e s s e s  t h a t  
g o v e r n  p r o p u l s i o n  sys tem p e r f o r m a n c e ,  d u r a b i l i t y  
and l i f e .  W h i l e  p r o g r e s s  c o n t i n u e s  t o  be made i n  
each  of t h e  p r o p u l s i o n  d i s c i p l i n e s ,  t h e  o v e r a l l  
i m p a c t  o f  n u m e r i c a l  s i m u l a t i o n  o n  p r o p u l s i o n  sys -  
tem d e s i g n  and deve lopmen t  r e m a i n s  l i m i t e d ,  as  
e v i d e n c e d  b y  t h e  l o n g ,  c o s t l y ,  h a r d w a r e - o r i e n t e d  
e n g i n e  deve lopmen t  c y c l e .  M a j o r  advances  a r e  
needed t o  b r i n g  n u m e r i c a l  s i m u l a t i o n  t e c h n o l o g y  t o  
t h e  p o i n t  where  many o f  t h e  c r i t i c a l  d e s i g n  i s s u e s  
can  be s e t t l e d  o n  t h e  c o m p u t e r .  
NASA L e w i s  i s  i n  a u n i q u e  p o s i t i o n  t o  " p u t  i t  
a l l  t o g e t h e r "  - t o  d e v e l o p ,  d e m o n s t r a t e ,  and v a l i -  
d a t e  new s i m u l a t i o n  h a r d w a r e  and s o f t w a r e  p r o c e -  
d u r e s  for m u l t i d i s c i p l i n a r y  d e s i g n ,  a n a l y s i s ,  and 
o p t i m i z a t i o n .  To t h a t  end,  many o f  t h e  NASA L e w i s  
o r g a n i z a t i o n s  and r e s e a r c h  teams have  begun t o  
d i r e c t  t h e i r  a c t i v i t i e s  t o w a r d  a common, l o n g -  
r a n g e  g o a l  or " v i s i o n , "  name ly  t h e  d e v e l o p m e n t  of 
t e c h n o l o g i e s  f o r  a " n u m e r i c a l  t e s t - c e l l . ' '  The 
n u m e r i c a l  t e s t - c e l l ,  or n u m e r i c a l  p r o p u l s i o n  sys- 
tem s i m u l a t i o n  (NPSS), i s  i l l u s t r a t e d  i n  F i g .  13.  
The NPSS c o n c e p t  h i n g e s  o n  o u r  b e i n g  a b l e  t o  
a c h i e v e ,  e x p l o i t ,  and combine  t e c h n i c a l  advances  
i n  p h y s i c a l  m o d e l i n g ,  a l g o r i t h m  d e v e l o p m e n t ,  and  
h i g h  p e r f o r m a n c e  c o m p u t i n g .  By i n c o r p o r a t i n g  t h e  
b e s t  a v a i l a b l e  ha rdware  and s o f t w a r e  e m e r g i n g  from 
d i s c i p l i n a r y  and m u l t i d i s c i p l i n a r y  r e s e a r c h  p r o -  
g rams,  we w i l l  be e s t a b l i s h i n g  a p o w e r f u l ,  and v e r y  
f l e x i b l e ,  s i m u l a t i o n  t e s t - b e d  t h a t  r e p r e s e n t s  t h e  
s t a t e - o f - t h e - a r t  i n  t e c h n o l o g y  f o r  m u l t i d i s c i p l i -  
n a r y  d e s i g n ,  a n a l y s i s ,  and o p t i m i z a t i o n .  
e n c o u n t e r s  a r e c u r r i n g  theme.  T h a t  i s ,  t h e  need 
for i n c r e a s e d  i n t e g r a t i o n  - o f  p e o p l e ,  i d e a s ,  and 
I n  d i s c u s s i n g  t h e  i m p l e m e n t a t i o n  o f  NPSS, one 
t o o l s .  F o r  t h e  mos t  p a r t ,  n u m e r i c a l  s i m u l a t i o n  
e f f o r t s  i n  p r o p u l s i o n  have  f o c u s e d  o n  s i n g l e -  
d i s c i p l i n e  mode ls  o f  i n d i v i d u a l  components.  NPSS 
d e v e l o p e r s ,  w h i l e  dependen t  o n  c o n t i n u e d  p r o g r e s s  
i n  t h e  i n d i v i d u a l  d i s c i p l i n e s ,  must  f i n d  a way t o  
i n t e g r a t e  t h o s e  e f f o r t s .  Many o f  t h e  b a r r i e r  p r o b -  
lems i n  p r o p u l s i o n  a r e  m u l t i d i s c i p l i n a r y .  The 
a e r o e l a s t i c i t y  o f  b l a d e s  i n  advanced t u r b o p r o p s  i s  
a n  example .  To a c c u r a t e l y  compute t h e  o n s e t  of 
f l u t t e r  or  t h e  n a t u r e  o f  t h e  f o r c e d  v i b r a t i o n  of 
b l a d e s ,  a n u m e r i c a l  a n a l y s t  m u s t ,  a t  o n c e ,  d e a l  
w i t h  b o t h  t h e  ae rodynamic  and s t r u c t u r a l  r e s p o n s e s  
and t h e i r  i n t e r a c t i o n s .  
A t  t h e  p r e s e n t  t i m e ,  s e v e r a l  NASA Lew is  o r g a n -  
i z a t i o n s  have begun t o  c o o p e r a t e  o n  s m a l l ,  p i l o t  
p r o j e c t s  t h a t  a r e  d e a l i n g  w i t h  some o f  t h e  i n t e g r a -  
t i o n  i s s u e s .  P r e s e n t l y ,  t h e r e  i s  a g e n e r a l  l a c k  of 
f o r m a l i z e d  p r o c e d u r e s  f o r  d e v e l o p i n g  m u l t i d i s c i p l i -  
n a r y  s i m u l a t i o n s  o f  p r o p u l s i o n  components and sys -  
tems .  R e s e a r c h e r s  i n  t h e  S t r u c t u r e s  D i v i s i o n  have 
begun t o  a d d r e s s  t h i s  p r o b l e m  i n  t h e  d e s i g n  o f  a 
c o m p u t a t i o n a l  e n g i n e  s t r u c t u r e s  s i m u l a t o r  (CESS). 
The CESS p r o v i d e s  a n  o v e r a l l  f r amework  and s o f t w a r e  
s t r a t e g y  f o r  i n t e r f a c i n g  a e r o  and s t r u c t u r a l  mode l -  
i n g  and a n a l y s i s  m o d u l e s .  T h i s  " l o o s e l y  c o u p l e d "  
app roach  t o  m u l t i d i s c i p l i n a r y  a n a l y s i s  i s  v i e w e d  as 
a f i r s t  s t e p  i n  t h e  NPSS d e s i g n  p r o c e s s  t h a t  w i l l  
e v e n f u a l l y  l e a d  t o  c o u p l i n g  o f  t h e  a e r o  and s t r u c -  
t u r a l  a l g o r i t h m s  and a u n i f i e d ,  m u l t i d i s c i p l i n a r y  
code .  
The need f o r  i n c r e a s e d  compu t ing  power ,  d i s -  
cussed  e a r l i e r  f o r  t h e  i n d i v i d u a l  d i s c i p l i n e s ,  
becomes even  more  a c u t e  when one c o n s i d e r s  t h e  
p r a c t i c a l  use  o f  m u l t i d i s c i p l i n a r y  codes  for  p r o -  
p u l s i o n  s y s t e m  d e s i g n .  "Hypercompu te rs "  t h a t  a r e  
100 t o  1000 t i m e s  f a s t e r  t h a n  t o d a y ' s  supercomput -  
e r s  w i l l  be needed t o  r u n  c o u p l e d  a e r o - t h e r m a l -  
s t r u c t u r a l  s i m u l a t i o n s  o f  p r o p u l s i o n  sys tems .  
r e w a r d s  w a r r a n t  a c o n c e r t e d ,  l o n g - t e r m  e f f o r t .  
S a v i n g s  i n  t i m e  and c o s t  o f  e n g i n e  deve lopmen t ,  
t h a t  w o u l d  r e s u l t  from NPSS t e c h n o l o g y ,  have  been 
e s t i m a t e d  a t  be tween  25  and 40 p e r c e n t .  
t i n u e  t o  g row w i t h  i n d u s t r y  and academia  p l a y i n g  
k e y  r o l e s  to e n s u r e  a h i g h  q u a l i t y  r e s e a r c h  and 
t e c h n o l o g y  p r o g r a m  t h a t  i s  r e s p o n s i v e  t o  t h e  needs 
o f  t h e  p r o p u l s i o n  commun i t y .  
W h i l e  t h e  c h a l l e n g e s  a r e  g r e a t ,  t h e  p o t e n t i a l  
I t  i s  e x p e c t e d  t h a t  t h e  NPSS e f f o r t  w i l l  con-  
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FIGURE 1. - AIRCRAFT ENGINE DEVELOPMENT CYCLE, TODAY'S METHODOLOGY. 
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FIGURE 2. - AEROTHERMODYNAMIC ANALYSIS CODES I N  USE AT NASA LEWIS. 
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FIGURE 3.  - MACH 5.0 INLET ANALYSIS. 
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FIGURE 5. - RPLUS SIMULATION OF TRANSVERSE HYDROGEN INJECTION 
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TYPICAL OPTIMIZATION RESULTS 
I N I T I A L  FINAL 
DES I GN DES I GN 
AERODYNAMIC ANALYZER EFFICIENCY, PERCENT 82.2 83.3 
ACOUSTIC ANALYZER NEAR-FIELD NOISE. dB  144 137 
STRESS AND FREQUENCY ANALYZER WEIGHT, LB 41.1 41.2 
AEROELASTIC FLUTTER ANALYZER REDUCTION I N  AIRCRAFT 3.32 
FORCED VIBRATION ANALYZER DIRECT OPERATING COST, PERCENT 
FIGURE 6. - STRUCTURAL TAILORING OF ADVANCED TURBOPROPS. OPTIMUM PROPFAN DESIGN FOR 
MINIMUM OPERATING COST. 
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FIGURE 7. - PROBABILISTIC ANALYSIS AND DESIGN METHODOLOGY FOR ENGINE STRUCTURES RELIABLILITY AND 
R ISK ASSESSMENT, 
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FIGURE 9. - PREDICTED SILANE CONCENTRATION FOR H2-Ar CARRIER GAS. 




FIGURE 10. - PARALLEL CALCULATIONS OF SSME FUEL TURBINE TEMPERATURE PROFILES USING 
CRAY X-MP. 
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FIGURE 11. - HIERARCHY OF PARALLELISM IN MULTISTAGE TURBONACHINERY CALCULATIONS. 
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FIGURE 12. - LEWIS IMPLEMENTATION OF HIGH PERFORMANCE COMPUTERS. 
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FIGURE 13. - NUMERICAL PROPULSION SYSTEM SIMULATION (NPSS). 
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